A nitroxyl such as 2,2,6,6-tetramethyl-l-piperidinyloxy(TEMPO) is a stable organic radical which is oxidized to a nitrosonium ion by oneelectron transfer and has been employed as the mediator for electrosyntheses of aldehydes and ketones from alcohols."2 The electrogenerated nitrosonium ion in a solution of dichloromethane/ acetonitrile selectively oxidized primary alcohols over secondary alcohols in the presence of 2,6-lutidine as the Lewis base, with no tendency for over-oxidation to acids. ' Osa et al. immobilized TEMPO on the graphite felt electrode coated with polyacrylic acid for the specific macro-electrolysis of alcohols; primary alcohols, secondary alcohols, thiols and phenols were oxidized to aldehydes,2 ketones,2 disulfides3 and coupling products,4'5 respectively. By employing a chiral base, (-)-sparteine, enantioselective electrocatalytic oxidative coupling of naphthol and related compounds was reported. 6 Tokuda et al, proposed the most possible mechanism of alcohol oxidation on the TEMPO-modified electrode at monolayer level(I'= 2 x 10'10 mol/cm2) such that nitrosonium ion interacted with alcohol to form a hydrogenbonded intermediate from which the oxidized species of alcohol was produced with the aid of a base. ' However, no reports have been found to study electrochemical behavior of TEMPO molecules confined in a thick polymer film electrode and to employ it for the analytical purpose. Since the hydroxyl group in aliphatic or aromatic alcohol is not electroactive, it is difficult to determine alcohols on a bare solid electrode. Our efforts have been made to analyze benzyl alcohol using a TEMPOmodified electrode: First, electrochemical and chemical behaviors of a TEMPO-modified glassy carbon electrode(TEMPO-GCE) at multimolecular films have been studied by cyclic and differential pulse voltammetries. Subsequently, the electrocatalytic currents of the TEMPO-GCE to oxidize benzyl alcohol have been amperometically monitored as the analytical parameter.
Experimental

Chemicals and solvents
Polyacrylic acid(Ave. MW ca. 1,250,000), 4-amino -TEMPO , 1,3-dicyclohexylcarbodiimide, hexamethylenediamine, N,N-dimethylformamide, 1,8-diazabicyclo-[5,4,0]undec-7-ene and 2,6-lutidine were purchased from Aldrich chemical company. Other chemicals and solvents were as follows; sodium perchlorate(Hayashi Pure Chem. Ind.), di-n-butyl sulfate(Tokyo Chem. Co.), benzyl alcohol(Kokusan Chem. Co.), methanol(Carlo Erba) and acetonitrile(Mallinckrodt Chem.). Acetonitrile was distilled in the presence of calcium hydride(Acros Organics) and was stored with molecular sieves (Samchun Pure Chem.; 4A) in it. Other chemicals were used without purification.
TEMPO-modi led glassy carbon electrode (TEMPO -GCE)
A glassy carbon rod(Tokai Carbon Co.; RA-5, GC 20S) was cut into pieces at a length of 5 mm. The surface of it was polished with a sand paper and alumina. The polished glassy carbon electrode(GCE) was pressed into a home-made Teflon compartment which was fitted in a Kel-F electrode holder of RDE 001 disk electrode assembly(EG & G PARC). TEMPO was immobilized on the glassy carbon electrode(GCE) according to a procedure similar to that of Osa et a1.2: The bare GCE(area: 0.196cm2) was coated with polyacrylic acid(PA) by dropping 2,500 ppm PA dissolved in 0.25 % methanol and removing solvent by air-drying. PA coated on the GCE was reacted with 4-amino-TEMPO in the presence of 1,3-dicyclohexylcarbodiimide(DCC) in methanol to form a amide linkage. The TEMPO-immobilized GCE was then crosslinked with hexamethylenediamine in the presence of DCC in N,N-dimethylformamide. The remaining carboxylic acid were butylated with di-n-butylsulfate and 1,8-diazabicyclo- [5, 4 ,O]-7-undecene in methanol.8
Instrument and procedure
Electrochemical measurements were made using a 263 potentiostat/ galvanostat combined with a 616 rotating disk electrode system and a 270 research electrochemistry software(EG & G PARC). For cyclic voltammetric(CV), differential pulse voltammetric(DPV) and amperometric measurements, a solution of 0.10 M NaCIOa/CH3CN was used as the supporting electrolyte. Potentials applied to the TEMPO-GCE were measured vs. a Ag/Ag+(0.10 M) reference electrode.
Results and Discussion
Cyclic voltammetry(CV) of a TEMPO-GCE The TEMPO-GCE that we prepared was a thick polyacrylic acid film electrode in which multimolecular layers of TEMPO( P = 1.97x107 ' mol/cm2) were confined.
Its CV characteristics are shown in Fig. 1 . Both anodic and catholic peak currents of a TEMPO-GCE were proportionally increased to the square roots of scan rates indicating a semi-infinite electrochemical charge diffusion condition.9 Potential difference( d Ep) between anodic and cathodic peaks was increased Table 1 Peak potential change in CV Table 2 Peak potential change in DPV as the scan rate was increased. E° surf was calculated as 0.36 V vs. a Ag/Ag+(0.10 M) electrode. The ratios of ipc/lpa were about one at various scan rates indicating that both TEMPO and its nitrosonium ion were stable.
Electrocatalytic oxidation of benzyl alcohol Benzyl alcohol in 0.10 M NaCIOa/CH3CN was not eletrochemically oxidized on a glassy carbon electrode in the potential range between zero and 1.0 V vs. a Ag/Ag+(0.10 M) electrode. When CV and differential pulse voltammetry(DPV) of a TEMPO-GCE were carried out in 0.10 M NaClOa/ CH3CN containing benzyl alcohol, small increases in currents, but large potential shifts were observed at both anodic and Cathodic peaks as shown in Table 1 and 2. The anodic and cathodic peaks were further shifted to the anodic direction as benzyl alcohol was added more. The large potential shift may be caused by formation of a hydrogen bonded intermediate which Tokuda et al. proposed.' When a base, 2,6-lutidine which was essential in the oxidation of alcohols was added into a benzyl alcohol solution, CV and DPV voltammograms of a TEMPO-GCE were quite different from those without a base. Fig. 2 is the CV voltammograms of a TEMPO-GCE showing electrocatalytic oxidation of benzyl alcohol. The anodic peak current was greatly increased, while the cathodic peak current of nitrosonium ion was greatly decreased with a solution consisting of 1.0 mM benzyl alcohol and 10.0 mM 2,6-lutidine dissolved in a supporting electrolyte. The electrocatalytic oxidation of benzyl alcohol was found to be effective with a 10 times more concentrated base.
The DPV voltammograms shown in Fig. 3 demonstrate a reaction between nitrosonium ion, the oxidized species of TEMPO and benzyl alcohol. As the concentration of benzyl alcohol was increased, the cathodic peak current was decreased indicating consumption of nitrosonium ion by benzyl alcohol.
Amperometric measurement of benzyl alcohol
Electrocatalytic currents of a TEMPO-GCE were amperometrically measured at an applied potential of 0.45 V, while stirring a solution at a rotation speed of 500 rpm and increasing concentrations of benzyl alcohol. After charging currents of a TEMPO-GCE was disappeared(about 120 seconds after a potential of 0.45 V was applied), benzyl alcohol and its ten times more concentrated 2,6-lutidine were added into a supporting electrolyte solution in concentration sequence. As shown in Fig. 4 , electrocatalytic currents were linearly increased with concentration of benzyl alcohol (correlation coefficient; 0.991). This result demonstrates potentialities of determining benzyl alcohol, an electrochemically inactive substance, using a TEMPO modified electrode.
In conclusion, TEMPO molecules confined in the thick polyacrylic acid film coated on a GCE oxidized to its nitrosonium ion in a semi-infinite electrochemical charge diffusion condition. Both TEMPO and nitrosonium ion were stable in 0.10 M NaCIOdCH3CN and E°s*jr was 0.36 V vs. a Ag/Ag+(0.10 M) reference electrode.
The nitrosonium ion chemically reacted with benzyl alcohol and the electrocatalytic currents of a TEMPO-GCE were quantitatively related to the concentrations of benzyl alcohol.
